Photographic photometry of (2060) Chiron was carried out using a set of archival plates taken between 1969 and 1977. The data reveal an extensive interval of brightening, presumably due to an increase in cometary activity, when Chiron was near aphelion. This activity substantially exceeded, both in degree and duration, the activity observed as Chiron approached perihelion near the end of the 1980s.
INTRODUCTION OBSERVATIONS AND REDUCTIONS
The fact that Chiron appeared bright near the time of its discovery led us to search for prediscovery observations that might help determine the extent of its cometary activity prior to 1978. Nineteen high-quality photographic plates were found, each containing a high signal-to-noise pre-discovery or discovery epoch image of Chiron. These plates were taken with the 1.2-m Schmidt telescope at Palomar Mountain Observatory between 1969 and . Although the image scale of these plates is not su cient to show the coma directly, reliable magnitudes for Chiron can be determined from them. In particular, we chose plates with relatively short exposure times, so trailing of Chiron's image due to its apparent motion on the sky was negligible, and allowing standard stellar photometric techniques to be used.
A log of the 19 Schmidt plates in this study is given in Table I . For each plate, the decimal date corresponding to the midtime of the exposure is given, along with the length of the exposure in minutes, the emulsion and lter used, and the name of the observer. Six of the exposures were taken over a ten-day interval, just after Chiron's discovery, for the purpose of initial orbit determination. The 13 plates obtained prior to discovery were taken either by C. T. Kowal or T. Gehrels as part of surveys for Solar System objects, thus accounting for the fact that several of the plates were taken in pairs, usually separated by a day or more.
A rectangular region on each plate, typically 8 to 10 mm (9 to 11 arcmin) on a side, was digitized using the PDS microdensitometer at Lowell Observatory. The scanned region was chosen to contain both Chiron and a su cient number of faint stars that could be used for photometric calibration. The scans were made in a raster pattern, using a 10-m step size and a 30-m square aperture. Because no sensitometric calibration was available for these plates, there was no attempt to convert the photographic densities to intensities. Instead, instrumental magnitudes were calculated based on the digitized density values, with the analysis being restricted to star images that were not saturated on the plates. { 6 { Instrumental magnitudes were derived for Chiron and the surrounding eld stars using two independent techniques. First, standard aperture photometry was carried out on the digitized images from each plate using the PHOT utility in IRAF. The digitized data were then re-reduced using the PSF-tting algorithms within DAOphot. The results from these two methods were then compared to ensure that the choice of reduction technique did not lead to any signi cant systematic o sets in the reduced magnitudes of Chiron. The uncertainty in the instrumental magnitudes was estimated by comparing the measurements from plate pairs on which the same group of stars had been scanned and analyzed. When the same stars were measured on di erent plates using the PSF-tting technique, the measurements were found to have an average rms scatter of 0.125 mag. By comparison, stars measured by aperture photometry gave results with an average rms of 0.23 mag.
BV R photometry was obtained for a number of faint calibration stars surrounding Chiron in each of the digitized regions and bracketing Chiron in brightness. The observations were made under photometric conditions on 2, 3, 6 and 7 October 1991, using a CCD on the 1.1-m Hall re ector at Lowell Observatory's Anderson Mesa. A set of Landolt standard stars (Landolt 1983 ) spanning a range of 1 mag in B ? V was observed several times throughout each of the nights, providing accurate transformations to the Johnson/Kron-Cousins system. The eld of view of the CCD was much smaller than the digitized areas on the photographic plates, so the CCD elds were carefully chosen to include as many calibration stars as possible. Many of these stars were measured on 2 or 3 di erent nights, though the calibration stars for plates taken in 1977 were only measured once. Table II 
where r and are the heliocentric and geocentric distances of Chiron in AU, and f( ; G) is the phase function based on the H; G system described by Bowell et al. (1989) , in which the value G = 0.70 has been assumed .
A formal estimate of uncertainties in the values of H V was derived from Eq. (3). Uncertainties for the coe cients were determined from the ts of Eqs. (1) and (2), and the uncertainty in m pg was assumed to be 0.125 mag, based on the comparisons of several plate pairs, as described above. The error in the photometric slope parameter G ( 0.15, Bus et al. 1989 ) was included in this calculation, though its contribution to the uncertainties in H V was small over the limited range of phase angles (0.2 to 3.1 ) spanned by the Chiron observations. The calculated errors in H V range from 0.15 to 0.38 mag, with a mean value of 0.21. A summary of the results is given in Table IV . Also listed are the number of calibration stars n used in the reduction, the heliocentric (r) and geocentric ( ) distances, and the phase angle of Chiron at the time of observation.
{ 9 { DISCUSSION
Preliminary results from this study were reported by Bus et al. (1993) . That initial work was based on a smaller sample of photographic plates, but was su cient to reveal an extensive period of brightening in the early 1970s, a time when Chiron was near aphelion (Q = 18.85 AU). A subsequent search for additional plates, as well as the reanalysis of images using the PSF-tting technique and incorporation of improvements in the photometric transformations, has led to the fuller set of archival Chiron observations listed in Table IV . For completeness, all previously published Chiron photometry of which we are aware is summarized in Table V .
The brightness history of Chiron is shown in Figure 1 , where the absolute magnitude H V (reduced to unit geocentric and heliocentric distance and zero phase angle) is plotted versus date. Absolute magnitudes from the November 1977 plates appear to be in very good agreement with the 1978 electronographic measurements, indicating no obvious systematic o sets between the pre-and post-discovery photometry. With the addition of the new data, the extent of the outburst around the time of aphelion is clearly seen. Beginning at some unknown time prior to the earliest observations in 1969, this activity apparently peaked by late 1972, when Chiron was about 1.6 mag brighter than its minimum brightness observed between 1983 and 1985. The outburst near aphelion was also brighter, by about 0.4 mag, than the more recent outburst that peaked during 1988 and 1989, and was of much longer duration.
During the recent interval of activity (1988{1995), Chiron was seen to undergo sporadic, short-term uctuations in brightness of about 0.1 mag in 6{8 hr Jewitt 1990, Buratti and . Some fraction of the long-term brightening was very likely due to an accumulated dust coma resulting from the superposition of many short-lived outbursts. If a similar mechanism drove both the activity near aphelion and the more recent activity near perihelion, then short-lived outbursts may have played an important role in the brightening seen near aphelion. However, the { 10 { photographic data do not provide the accuracy or temporal resolution necessary to demonstrate short-term activity similar to that seen in 1990. The preliminary report ) of a monotonic decrease in brightness in 1972 has not been con rmed with our improved photometric analysis. The largest night-to-night variations are roughly 0.3 mag (e.g., between June 28 and 29 in 1971), and while these variations are larger in amplitude than the short-term brightness changes observed in Chiron nearer perihelion, the formal errors associated with the photographic photometry are also quite large. Though the night-to-night variations seen among these new data may be real, their statistical signi cance is at most 2 , implying that these data are consistent with there being no short-term uctuations in Chiron's brightness around the time of aphelion.
The detection of CO in June 1995 by Womack and Stern (1997) led them to derive a production rate of Q(CO) = (1:5 0:8) 10 28 s ?1 , at a time when the absolute magnitude of Chiron was no brighter than H V = 6:6. Compared to a`quiescent' magnitude of H V = 6:84 , this increase of 0.24 mag implies Chiron's coma was contributing 25% of the total brightness. Similarly, the peak brightness near aphelion was H V ' 5:2 mag, yielding an increase in Chiron's brightness of 1.64 mag, or 350% due to light from the coma, which, in turn suggests that the activity near aphelion was roughly 14 times the level of activity at the time of the CO measurement by Womack and Stern; i.e., Q(CO) 2 10 29 s ?1 . This naive scaling from perihelion to aphelion may well overestimate the activity at aphelion if that activity was indeed sporadic, with grains accumulated in the coma causing the increased brightness. Nevertheless, assuming the outgassing at aphelion to be continuous, and taking the FWHM of the outburst at aphelion to be about 7 years (cf. Fig. 1 ), we nd a total mass loss of CO near 4 10 37 molecules or 2 10 15 g. Such a loss, depending on the choice of density for the nucleus, represents only a few parts per million of the total mass of Chiron. Grains dragged out by the CO would not increase the mass loss by more than a factor of a few. In contrast, a model incorporating sporadic outbursts, as implied by the short-term variability near perihelion, coupled with a long residence time for the grains in the coma (cf. the model by could easily reduce the mass loss by one or two orders of magnitude. Therefore, outbursts of activity, comparable in magnitude and duration to the two intervals observed thus far, could regularly occur over the dynamical lifetime of Chiron in its present orbit (10 5 to 10 6 yr; e.g. Scholl 1979, Hahn and Bailey 1990) .
There are a multitude of scenarios that could be invoked to explain the variations in activity observed on Chiron. The abundance and distribution of various near-surface volatiles, and the thermal properties and physical composition of a mantle, along with assumptions about Chiron's obliquity and the corresponding variations in insolation, can be combined in complicated models of Chiron's activity that could match its brightness history. We ask if there are simple explanations for the activity, and discuss three possible, though not necessarily realistic cases.
One natural possibility is that Chiron's activity curve is driven by seasonal (i.e., obliquity) e ects. However, the two peaks in activity seen in Figure 1 are separated by 1/4 orbit, rather than the classical 1/2 orbit one would expect from obliquity e ects for an inertially-xed solid body rotator, implying that the seasonal hypothesis is at best problematic as a general explanation for Chiron's historical activity curve. Even if one ignores the secondary activity peak around 1989 and postulates that the aphelion peak corresponds to pole-on geometry, one is frustrated by the lack of a corresponding (if not stronger) peak near perihelion. This suggests that if Chiron's aphelion activity was obliquity-driven, then its comparatively quiescent perihelion must imply a strong compositional or albedo/emissivity dichotomy between the object's two poles, with the`aphelion pole' having dramatically more exposed volatiles than the`perihelion pole.' It is of course possible that this is the situation on Chiron, but we prefer to rst search for simpler alternatives that do not invoke such speci c surface inhomogeneities. Alternatively, one might argue that the lack of perihelion activity instead suggests that a pole-on geometry is not obtained at aphelion and perihelion, but instead around the time of the ca. 1989 activity peak. If that is indeed the case, then a rise in Chiron's activity is to be expected about half an orbit later, in 2015. While one can wait to see if this in fact occurs, it remains the case that such a scenario fails to explain the much larger activity rise around 1973, leaving open the search for additional causes for Chiron's activity behavior. This discussion demonstrates that all of the simple seasonally driven scenarios for Chiron's historical activity have some problems. Thus, although we certainly cannot rule out seasonal e ects as playing a role, we believe that Occam's Razor urges us to reject them as the primary driver of Chiron's observed activity, and to relegate them to, at best, a supporting role.
As another simple example, we ask whether free sublimation of CO could drive the observed activity at aphelion. Calculation of the equilibrium vaporization of CO and CO 2 for a non-rotating, low-albedo, spherical nucleus (using software updated from that described by Cowan and A'Hearn 1979) yielded the vaporization rate curves shown in Figure 2 , superimposed on the absolute magnitudes of Chiron (used here as a proxy for the dust production rate). The average vaporization rate of CO around aphelion is 10 16 cm ?2 s ?1 . An active area of 2 10 13 cm 2 would thus be required to give the production rate of Q(CO) 2 10 29 s ?1 at aphelion, as calculated above. With the current estimate of 90 km for the radius (Campins et al. 1994) , the total surface area of Chiron is 10 15 cm 2 , so an active surface fraction of 0.02 would be su cient to explain the long-lived activity at aphelion. The CO curve shown in Figure 2 has been scaled to match the mean H V magnitude of Chiron during the peak of activity near aphelion, and is thus representative of 2% of Chiron's surface being active. The di erence in the CO vaporization curve between Chiron's aphelion and perihelion is ?1:8 mag, giving an increase in the vaporization rate of about 5.2. This factor, combined with the increase in activity at aphelion of 14 times that when CO was detected, implies that only about 3 10 ?4 of the surface would have needed to have been active at the time of the CO measurement by Womack and Stern (1997) , consistent with their calculated active surface { 13 { fraction of < 5 10 ?4 . Although these active surface fractions for Chiron are consistent with those for many Jupiter-family comets (A'Hearn et al. 1995), they are signi cantly less than that of comet 1P/Halley ( 10%, Keller et al. 1986 ). Due to the small number of non-Jupiter-family comets for which nucleus size measurements are available, we know next to nothing about the distribution of active fractions on these objects (A'Hearn et al.). In Figure 2 , the vaporization curve for CO 2 has been scaled to approximate the maximum possible active surface fraction of 100%, assuming that CO and CO 2 are equally e cient at lifting dust o Chiron's surface. It is clear that vaporization of CO 2 , although it might be invoked to explain the activity near perihelion, cannot plausibly explain the outburst near aphelion. To produce the observed aphelion activity by the sublimation of CO 2 would require a surface area over eight orders of magnitude larger than that of Chiron.
An alternative driving mechanism is a front of crystallization advancing through gas-laden, amorphous ice in the interior of the nucleus. Such a model has been developed by Prialnik et al. (1995) , who nd that bursts of outgassing can occur anywhere in the orbit, triggered by spurts of crystallization that set in near aphelion. They show that their model can reproduce the observed surface temperatures of Chiron and the estimated outgassing of CO (only an upper limit was available when they wrote their paper), and they estimate that Chiron could continue this behavior for times long compared to the time in which the orbit of Chiron evolves signi cantly. Clearly, the outburst reported here began somewhat before aphelion and reached its peak shortly after aphelion, in excellent agreement with the results of Prialnik et al.'s model using the particular parameters which they chose.
The latter two scenarios are simplistic in one way or another, and other models involving subsurface heterogeneity and inward propagation of Chiron's annual thermal wave clearly can be constructed (e.g. Fanale and Salvail 1997) . In light of the work by Hahn and Bailey (1990) , suggesting a better than 50:50 chance that Chiron was formerly closer to the Sun, it seems likely that Chiron is thermally quite evolved. The existence of { 14 { activity in Chiron at such large heliocentric distances suggests that we should see activity in other Centaurs, also.
{ 15 { CONCLUSIONS
We nd that Chiron was very active around the time of its last passage through aphelion, compared to the level of activity around perihelion. More speci cally, the peak absolute magnitude was several tenths brighter than at the peak of the activity approaching perihelion. The duration of the aphelion activity was also nearly twice as long as the outburst seen in the 1980s prior to perihelion. These results are consistent either with continuous outgassing that varies smoothly in time or with sporadic outgassing events with amplitudes near aphelion comparable to those observed near perihelion. The data can be interpreted either using the sublimation of subsurface CO, or in terms of subsurface crystallization of amorphous ice. While in situ observations may be able to discriminate among possible models for Chiron's activity, it seems unlikely that remote observations alone will ever be able to do so. Ultimately, a combination of models describing the ow of gas and heat through the mantle, combined with rotationally resolved monitoring of CO ux and velocity may, at least, rule out certain scenarios. Searches at radio wavelengths for other volatile species might also aid in understanding the source of activity.
{ 16 { (2060) Chiron as a function of heliocentric distance. The absolute magnitude H V is used as a proxy for the production rate of dust. Superimposed are curves showing the sublimation rates of CO and CO 2 as a function of heliocentric distance. The vaporization curve for CO has been scaled to represent an active surface fraction of 0.02, based on the estimated CO production rate during the peak of Chiron's activity near aphelion. The CO 2 curve has been scaled to represent an active area that is 100% of Chiron's surface. The steep variation for CO 2 , as well as the low absolute rate of sublimation (not shown) rule it out as a viable mechanism for explaining both episodes of activity. 
